The postdoctoral research position is an essential step on the academic career track, and the biomedical research enterprise has become heavily dependent on postdoctoral scholars to conduct experimental research. Monitoring the employment trends in the postdoc population is important for crafting and evaluating policies that affect this critical population. The primary survey for understanding the trends of the biological sciences postdoc population is the Survey of Graduate Students and Postdoctorates in Science and Engineering (GSS) administered by the National Center for Science and Engineering Statistics. Here, we analyzed the yearly changes in the biological sciences postdoc population at institutions surveyed by the GSS. We find that institutional variability in reporting their biological sciences postdoc populations, which sometimes varies by more than 2-fold over consecutive years, masks larger trends in the employment of biological sciences postdocs. Universities indicated the most common cause for the changes was improving institutional policy and tracking of postdocs. We propose the adoption of a unified definition of a postdoc, consolidation of postdoc titles and the creation of an index to better assess biological sciences postdoc trends.
Introduction
Postdoctoral scholars are pivotal for the process of discovery in the biomedical research enterprise. Over the past several decades, the expansion of university research capacity and the availability of federal research grants have created a strong demand for highly skilled postdocs (Heggeness et al, 2016; Heggeness et al, 2017 ; National Institutes of Health 2016a, 2016b; Stephan, 2012) . Despite this population growth and their importance to the research enterprise, comprehensive population-level data on postdocs is lacking. Within a single university, some postdocs may be categorized as employees whereas others are contractors, and some universities have multiple designations for postdocs that reflect differences in departmental practice, seniority and funding source (Ferguson et al, 2014) . The variety of titles, while intending to clarify human resources policies or confer status on the postdoc, create inconsistencies that introduce significant difficulties in collecting data on postdoc populations (Committee to Review the State of Postdoctoral Experience in Scientists and Engineers, 2014; McDowell, 2016) . This is not a new problem: a 1969 report from the National Research Council states, "Although postdoctoral appointees were present on many campuses, their numbers and functions were not known nationally and, in many instances, were not even known to the host universities," (Curtis, 1969) .
That's not to say the research community has not begun to tackle this problem. Spurred While the GSS is generally considered the best tool available to measure the U.S. postdoc population, the GSS data collection practices are fluid. From 2007 to 2010, the GSS altered its methods of postdoc data collection (Einaudi et al., 2013) . And in 2014, the number of institutions surveyed in the GSS, known as the survey frame, increased so as to include more institutions with postdocs than had been evaluated before (Arbeit et al., 2016) . These improvements in the GSS are welcome and enhance the accuracy of the survey, but they present significant problems when trying to evaluate the size of the postdoc population and examine long-term trends. Beyond this, the quality and consistency of the GSS data is dependent on the quality and consistency of postdoc information reported by universities.
Policy changes at institutions that alter the accounting of postdocs could have significant effects on the reported trends in the postdoc population.
Here, we provide evidence that inconsistent reporting of institutional postdoc populations is a significant source of error in the GSS measurements. We focused on the population of postdocs in the biological sciences as defined by the GSS (National Science Foundation, 2012). We highlight several institutions with widely fluctuating biological sciences postdoc populations: the reported postdoc population of some institutions suddenly drops to 0
for one year only to be followed immediately by a rapid increase in the next year. Conversely, the biological sciences postdoc population at some institutions more than doubled over a single year only to return to near baseline levels one or two years later. Finally, we highlight instances where changes in a single institution's policies mask contractions of the overall biological sciences postdoc population. These data demonstrate the GSS biological sciences postdoc population data are unreliable when examining biological sciences postdoc population trends.
The unreliability is the result of the biomedical research enterprise failing to create a unified definition of a postdoc or put in place sufficient methods to account for and track postdocs.
This has real consequences for those attempting to understand and change policies affecting postdocs. We call for a unified definition of a postdoc, simplified job titles and the creation of an index to more accurately follow trends in the biological sciences postdoc population.
Results
When quantifying the biological science postdoc population of an institution, policy changes can affect the postdoc population beyond simple job gains and losses. For example, an institution redefining who is considered a postdoc may have profound effects on the number of biological sciences postdocs reported. We examined the biological sciences postdoc populations at individual institutions as reported to the GSS between 1980 and 2015. To detect the largest changes, which are more likely to have a significant effect on the overall tally of biological sciences postdocs, we examined the 82 institutions that reported 100 or more biological sciences postdocs at least once between 1980 and 2015 (See Data collection and limitations).
We began by defining a large change in an institution's biological sciences postdoc population as a 2-fold increase or decrease over a single year. We identified 37 occurrences of an institution reporting 2-fold more biological sciences postdocs than the prior year and 25 instances of an institution reporting 2-fold fewer postdocs than the prior year ( Fig. 1 ; Table S1 ).
These 62 occurrences happened at 28 institutions (Table S1 ).
Ten institutions had a single two-fold change in the biological sciences postdoc population between 1980 and 2015-eight institutions reported a two-fold or more increase and two institutions reported a two-fold or more decrease (Table S1 ). Of the institutions registering multiple two-fold changes between 1980 and 2015, most are reciprocal changes (Table S1 ). For example, the University of Florida reported 108 biological sciences postdocs in 2000, 232 in 2001, and 106 in 2002 (Table S1) . Similarly, the University of California, Riverside reported 92 biological sciences postdocs in 2009, 27 in 2010 and 89 in 2011 (Table S1 ). Other institutions followed these patterns, sometimes stretching the increase or decline across two or more years.
Of note, five institutions reported 0 biological sciences postdocs after reporting more than 75 at least two years before. Northwestern University (1997) (Table S1 ). Brown University declined from 96 postdocs in 1999 to 0 in 2000, and it remained at 0 until 2005 when it increased to 88 postdocs (Table S1 ).
The GSS defines whether a postdoc is a biological sciences postdoc or a health fields postdoc based on the department or "organizational unit" they work in (National Science Foundation, 2012). One possible explanation for the 2-fold changes in the biological sciences postdoc population could be that some were reclassified as health fields postdocs. To determine if reclassification as health fields postdocs could account for the observed changes, we analyzed the numbers of health fields postdocs at the institutions analyzed above. Of the 62 2-fold changes identified in the biological science postdoc population between 1980 and 2015, there were 18 instances where the biological sciences and health fields postdocs changed in opposite directions, but the changes were of approximately equal magnitude in only three of these instances (Table 1) (Table S2 ; Supplemental Text). Twelve institutions, accounting for 23 2-fold or more changes, had no information on the population changes as they occurred before the institution instituted reliable tracking techniques (Table   S2 ; Supplemental Text). Eleven institutions, accounting for another 27 of 62 2-fold or more changes, did not recognize the postdoc population data we presented them (Table S2 ; Fig. S1 ; Supplemental Text). This is likely due to differences in classification: institutions collect information on postdocs across all biomedical departments, while the GSS splits these postdocs into biological sciences and health fields postdocs. Three institutions, accounting for five observed changes, did not respond to our request for information. Table 2; Table S2 ). Thus, the policy change at UCSF masked a decline of 400 postdocs in the overall postdoc population. In 2005, the overall population increased by only 31 postdocs, but the Brown University biological postdoc population increased from 0 to 88 postdocs, suggesting the change at Brown masks a 57-postdoc decline in the rest of the enterprise (Table 2 ). In 2006, the overall population increased by 60, but three institutions reported a 2-fold or more change accounting for a decline of 194 postdocs (Table 2) . This indicates those institutions reporting a 2-fold or more change masked much larger growth in the population (Table 2 ). In 2007, the number of postdocs accounted for in the institutions reporting a 2-fold or more change was nearly equal to the overall change in the postdoc population suggesting that population growth could have been flat (Table 2) . These data points are important because the general sense was that the postdoc population increased across these years (Garrison et al., 2016) . Yet it appears this small expansion in the biological sciences postdoc population may have been driven by policy changes rather than true job growth.
Data collection and limitations
We queried the NCSES's GSS through WebCASPAR To determine fold-change, the postdoc population reported by an institution in a specific year was divided by the postdoc population in the year immediately prior for all values reported between 1980 and 2015 for the dataset described above. Values ≥ 2.0 were a 2-fold increase and values ≤ 0.50 were a 2-fold decrease of the postdoc population over a one year period. Postdoc populations that declined to 0 were classified as a >2-fold reduction and any increase from a 0 value was classified as a >2-fold increase.
Discussion
Postdocs are a vital part of the research enterprise, and understanding the dynamics of this population is essential to developing policies that promote a vibrant research enterprise. Concerns over the quality of data on the postdoc population are not new. Reports since the mid-1990s recommended improving data collection on postdocs (National Academy of Sciences, 2000; National Research Council, 1994 , 1998 , 2005 . We note that 50 of 62 observed 2-fold increases or decreases in an institution's postdoc population occurred after 1995 possibly reflecting institutions attempting to follow these recommendations and better track their postdocs. In addition to these recommendations, focused advocacy on behalf of postdocs by organizations like the National Postdoctoral Association began in the early 2000s (Sreenivasan, 2003) . The recommendations made by these reports and organizations may be partly responsible for the improved tracking of postdocs we observed.
We commend the institutions that have changed policies to better track their postdocs.
Similarly, the expansion of the survey frame in 2014 and the encouragement of the designation of officers responsible specifically for reporting postdoc information in 2010 are positive developments for these datasets. These improvements in data collection are essential to better understand this population that is so critical to the biomedical research enterprise. However, as long as institutions individually make policy changes with regard to how they count and report their postdocs, the GSS will remain an imperfect source of information on the trends of the overall postdoc population.
One way to circumvent this problem is widespread adoption of simplified Human
Resources job classifications and a common postdoc definition across institutions. In lieu of this, we recommend the NCSES develop an institutional index, similar in concept to the Dow Jones Industrial Average or the S&P 500 indices (Investopedia, 2015 . This index would be defined, at least in part, by selecting institutions whose postdoc populations have changed within a reasonable percentage up or down over a specified time. For example, an index could be comprised of institutions that (1) for the past 15 years, (2) have reported 100 postdocs or more and (3) have had a yearly change in its biological sciences postdoc population within a specified range that excludes large additions or subtractions due to policy changes. The exclusion of artificial changes in the biological sciences postdoc population would make an index an important tool to better understand the population's trends.
Drawing conclusions from continuous datasets, such as the surveys conducted by the NCSES, should be done with caution. We proposed the introduction of an index that is sensitive to the trends in the biological sciences postdoc population while eliminating artefacts introduced by institutional policy changes. This is not an ideal solution to the problem of understanding the trends of the overall postdoc population. However, it appears to be one of the best options the community has until a unified definition of a postdoc is adopted by all institutions and other complicating factors of counting postdocs, such as the proliferation of job titles, are removed. Beyond improved data reporting, transparency in career outcomes and greater inclusion of junior scientists in policy discussions are required to better understand the factors affecting the Ph.D. and postdoc populations (Dolan et al., 2016; McDowell et al., 2014; Pickett et al., 2015; Polka et al., 2015) . 
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